Abstract: FeAl-based MIL composites of various iron alloys were fabricated with an innovative "multiple-thin-foil" configuration and "two-stage reaction" strategy. Alternating stacked metal foils were reactive sintered via SPS at 600 o C and 1000 o C to grow 
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available intermetallics limits the ability to tune the properties of the materials. In order to lower the cost and optimize strength and ductility for MIL composites, Ni-Al [14] [15] [16] and Fe-Al [17] [18] [19] systems, which process ductile intermetallic phases, have begun to attract more attention in recent years.
In the Fe-Al system, the conventional fabrication process occurs between the eutectic temperature of Al-Fe (655 o C) and the melting point of Al (660 o C) to achieve the fastest reaction rate without macroscale melting. However, previous studies of microstructure evolution in MIL composites in the Fe-Al system [17, 19] , including pure iron, 430 stainless steel and 304 stainless steel, suggest that the conventional sintering temperature (655 o C to 660 o C) only generates brittle intermetallics, such as Fe2Al5, Fe4Al13 and Cr2Al13. On the other hand, studies using Fe-Al diffusion couples [20] confirms the formation of FeAl at 1000 o C, which is reported to be a ductile intermetallic phase [21] [22] [23] . Although subsequent annealing of pure Fe-Al MIL composites can transform some intermetallics to FeAl, when either 430 or 304 stainless steel is incorporated, other brittle phases, such as FeAl2 and Cr5Al8, form [18] . In summary, synthesizing MIL composites with only ductile intermetallics, such as FeAl, remains a significant challenge for the field.
In the present study, an innovative fabrication process for MIL composites is proposed to solve the challenge of controlling selective phase formation. MIL composites, where FeAl is the single intermetallic phase, have been successfully synthesized with pure iron or stainless steels. Microstructure assessment of the composites was investigated to evaluate the fabrication process, and growth kinetics were analyzed to understand the design for sintering parameters. Local mechanical behaviors were estimated via 5 nanoindentation and global mechanical properties were measured via compression testing.
Experimental

Material Processing
Foils of commercial pure 1100 aluminum, pure iron (99.5%), 430 stainless steel (430SS, 18 wt% Cr) and 304 stainless steel (304SS, 18 wt% Cr and 8 wt% Ni) were feedstocks to produce MIL composites. The metal foils were first abraded with steel wool pads to remove surface oxides and contaminants, rinsed in acetone with ultrasound cleaning, and then stacked in the configuration shown schematically in Fig. 1(a2) . The full layering involves thick Fe/SS foils that are partially retained as remnant metal layers, and ensembles of alternatingly stacked Al-Fe-Al-Fe-Al thin foils, which are intended to transform into the FeAl phase, in between pairs of the thicker Fe/SS foils. For convenience and distinguishing from the conventional 'thick-foil' stacking demonstrated in Fig. 1(a1) , this configuration is hereafter termed the "multiple-thin-foil" configuration.
As illustrated in Fig. 1(a3) , fabrication of the Fe-FeAl MIL composites involved seven layers of 100 µm Al and six layers of 75 µm Fe foils in each "multiple-thin-foil" ensemble, and a total of four such ensembles were incorporated in the sample. These four ensembles were placed between the 500 µm Fe foils, resulting in a total of five layers of the 500 µm Fe foils in the sample. Fabrication of the corresponding 430SS-FeAl or 304SS-FeAl MIL composites, as shown in Fig. 1(a4) , replaced the 500 µm Fe foils by a sandwich structure consisting of 100 µm Fe, 300 µm stainless steel and 100 µm Fe (totaling 500 µm in thick metal layers). The stacked foils, which were cut into 20mm diameter disks, were placed in a Thermal Technologies Sparking Plasma Sintering (SPS) Model GTAT 10-3 system for reactive sintering. As shown in Fig. 1(b) , the SPS assembly consists of a graphite die, with an inner diameter of 20mm, two cylindrical graphite plungers for loading and electric conductivity, and thermal insulation cloth made of carbon fiber. Furthermore, samples were covered by molybdenum foils (99.95%, 0.025-mm-thick) to protect the sample from carbon contamination, and graphite film (0.12-mm-thick) to protect the SPS tooling. The plunger-die assembly is loaded into the vacuum chamber of the SPS machine, loaded axially, and current is passed through the sample via the graphite plungers so that Joule 7 heating brings the sample up in temperature to activate reactive sintering [24] . Fig. 1(c) shows a typical sintering curve for the materials. In stage 1, the temperature is quickly ramped to 500 o C, and then slowly ramped to 600 o C to prevent over-shooting this target temperature to avoid melting the Al. After holding at 600 o C for 20 minutes, the thin Al foils are completely consumed, transforming into Fe2Al5 phase with the adjacent thin Fe foils. Once all Al is converted to this Fe2Al5 intermetallic, the temperature can be increased to 1000 o C, and held for 1.5 hr as the second stage reaction to form the FeAl phase.
Characterization
Fe-FeAl, 430SS-FeAl, and 304SS-FeAl MIL composites samples were mounted with layers perpendicular to the surface, and then polished following standard metallographic preparation procedures. The microstructure was investigated using a Thermo-Fisher (formerly FEI) Apreo scanning electron microscope (SEM) equipped with an Oxford Instrument's Energy-Dispersive X-ray Spectrometer (EDS) and an Oxford Instrument's Symmetry electron backscattered diffraction (EBSD) system. SEM images helped to identify metal/intermetallic layers for further EDS and EBSD analysis. EDS line scans were used to measure chemical composition profiles from the metal to intermetallic layers, while EBSD mapping collected crystallographic information for identifying phases and grain orientations (textures). After microstructure characterization, the samples were placed into a KLA (formerly KEYSIGHT) G200 Nanoindenter for measuring hardness profiles across the layers. The tests were performed with the Berkovich tip under a load 8 of 500 mN for 5s and repeated 40 times for each area of interest to ensure statistically representative results.
The sintered MIL composite disks were cut into 6 mm cubes for compression testing following standard ASTM E-9. The cubic geometry allows a straightforward comparison of the mechanical behaviors of the anisotropic composites in different directions. The cube dimension of the specimen were determined based on the samples' thickness, which was nominally 6 mm after sintering. The cubes were ground and polished to remove damage region introduced during cutting and the molybdenum foil that were partially sintered to the top and bottom of the samples. A strain gauge was attached to the specimen, aligned with respect to the loading direction for accurate small-strain measurements; large strain measurements were recorded using crosshead displacement and then corrected with the specimen deformation. Quasi-static compression tests were performed using a standard screw-driven load frame at room temperature with a strain rate of 10 -3 /s, and grease was applied to the sample ends to minimize friction. During the test, failure of the specimen was defined as the moment when the load undergoes a significant drop. The non-stoichiometric FeAl phase can exhibit dramatically improved plasticity compared the stoichiometric FeAl [22] . According to the EBSD band contrast map in Fig. 3 (c), all of the FeAl grains assemble along the apparent vertical straight lines, which are identified as "centerline" according to previous MIL studies [4] . In the first stage of reactive sintering, as the intermetallics phase grows, contaminants on the original Fe/Al interface are pushed towards the Al foil side, at the transformation interface due to the faster diffusivity of Al. When aluminum is completely reacted, the oxides and impurities pushed from both sides would accumulate at the former aluminum center. Compared to "thick-foil"
configuration, "multi-thin-foil" configuration reduces the amount of impurities at centerline, as each centerline concentrates impurities from significant thinner aluminum foil, reducing the impact on mechanical behavior. Centerlines guide the grain alignment as the impurities hinder diffusion and grain growth. Grains grown from the two sides meet at the centerline with minimal curvature, diminishing the driven force for grain growth. Therefore, "centerlines" form within the FeAl grain regions at the middle of the thickness of the thin Al foils of each 'multiple-thin-foil' ensemble.
The grain orientation map and corresponding inverse pole figures shown in Fig. 3 (e) and 3(f) reveal the texture of the material. Formation and growth for both FeAl and -Fe solid solution are driven by one-directional diffusion during the reaction, inducing the sintering texture for both phases. The texture aligns towards the <111> direction, rather than <100>, the conventional preferred growth direction, or <110>, the normal direction of close-packed planes for BCC materials. The formation and growth of intermetallics would not only consider the energetically favorable planes, but also be influenced by the orientation of parent grains and the diffusion rate in various directions. The pure iron region would also retain some texture from the Fe foils that were rolled to the desired thickness.
13 In the -Fe solid solution region, the Fe concentration is sufficiently high to dissolve all the aluminum and chromium, preventing any Cr-Al intermetallic precipitation. According to previous work [18] , without the extra Fe foil between 430SS and Al, the brittle Cr5Al8 phase would form, which can degrade the ductility and fracture resistance of the material.
The other portions of the material, including the 100-m-thick FeAl solid solution layer and 670-m-thick FeAl layer, which are free from Cr, are expected to be identical to the corresponding layers in Fe-FeAl. As revealed in Fig. 4 (e) and 4(f1), FeAl grains align by the centerlines with texture along the <111> direction. by the "multiple-thin-foil" ensembles.
Growth Kinetics and Design of Fabrication Process
In a Fe-Al diffusion couple, Fe2Al5 would be the first-formed and dominate intermetallic phase at 600 o C due to its fast growth kinetics [27] . A very thin layer of FeAl3 may also appear at the aluminum interface [17] . Other Fe-Al intermetallics, including FeAl2, FeAl and Fe3Al, would remain neglectable at 600 o C due to extremely slow growth kinetics [27] .
Therefore, this study utilizes a "two-stage reaction" strategy to fabricate the FeAl-based MIL composites. The entire purpose for the first stage is to completely consume Al by transforming it to Fe2Al5, so that the samples can subsequently be heated above aluminum's melting temperature enabling more rapid growth kinetics for the FeAl phase. 
and Fick's Second Law:
In the first stage of the reaction, Al to Fe2Al5, the system can be treated as a semi-infinite diffusion couple and solved analytically [28] :
where is the intermetallic thickness, is the time, and the coefficient is a function of diffusion coefficients and phase boundary compositions. For the subsequent reactions at a higher temperature, the system becomes a finite diffusion couple, so Eq. (3) can no longer predict the thickness of the intermetallics. On the other hand, the system can still be numerical simulated via finite difference analysis by rewriting Eq. (2) in a discrete form:
allowing the required sintering time to be estimated. Meanwhile, both finite and semiinfinite diffusion couples possess self-similarity: if the length scale is enlarged by , as = , extending the reaction time by 2 , as = 2 , would generate the same composition profile. The easiest way to understand such self-similarity is to multiple 1 2 ⁄ to both sides of Eq. (2):
For example, doubling the initial foil thickness would extend the required reaction time fourfold, while reducing the initial foil thickness by 50% reduces processing time by 75%.
Therefore, using thinner metal foils as feedstocks could dramatically decrease sintering time and consequently reduce the fabrication cost. Fig. 6 presents the material sintered from conventional alternating stacked 'thick' foils as a comparison group, which utilized multiple 1000m Fe and 600m Al foils. In the "multiple-thin-foil" setup, each repeat unit, which refers to one thick metal layer plus one "multiple-thin-foil" ensemble, contains 950m (500m+[6*75m]) Fe and 700m (7*100m) Al. and/or selecting the thickness of the thick metal foils, tuning the metallic/intermetallic ratio becomes feasible and convenient. In summary, the "multiple-thin-foil" method has modularized the design for MIL composites, as the intermetallic phase, metal type, grain size and metallic/intermetallic ratio can be independently adjusted to fulfill the specific performance requirements, while both efficiency and robustness for the fabrication process are promoted. 
where is an empirical number sensitive to the material [31] , is the Taylor factor which is a constant, is shear modulus, is the solute concentration and is the misfit parameter, which relates to modulus and atomic size difference. The strengthening effect in intermetallics is more complicated as short-range order, vacancies and other factors need to be taken into consideration [23] . The values collected from the pure iron region of the Fe-FeAl MIL composite are slightly higher than the reference pure Fe foils, but the 24 values for the stainless steel layers in the 304SS-FeAl and 430SS-FeAl MIL composites are quite similar to their respective reference foils.
In the hardness profile for 430SS-FeAl, the hardness gradually rises from the 430SS layer to the FeAl layer. The overall solid solution strengthening effect increases, as the decrease in Cr concentration is overwhelmed by the increase in Al. Studies about Fe-AlCr ternary alloys [32] suggest that the addition of Cr to Fe-Al binary system can increase the dislocation line energy via the strengthening of interatomic bonds, and consequently enhances the energy required for dislocation nucleation. Lower dislocation density can enhance the strength at low strain conditions, but is reversed at high strain conditions [33] .
In the hardness profile for the 304SS-FeAl MIL composite, the hardness abruptly increases from the 304SS layer to the adjacent transition layer, then gradually drops, before rising again to the FeAl layer hardness. In the 304SS-FeAl MIL composite, Ni diffusion into the Fe transition layer leads to a gradient in hardening from a high value at the 304SS/Fe interface decreasing toward the center of the Fe transition layer, then rises toward the FeAl interface due to the Al gradient hardening the transition layer up to the FeAl hardness.
Compression Tests
The quasi-static stress-strain curves for MIL composites with the layers perpendicular to the load are shown in Fig. 7(c) was stopped, not due to the sample's failure, but the load limit of the load frame, indicating the actual compressive strength and ductility for 304SS-FeAl would be even higher.
The quasi-static stress-strain curves for these MIL composites with the layers parallel to the load are shown in Fig. 7(d) Fig. 7(b2) , when the composites are tested with the layers parallel to the load, both metal and intermetallic layers would experience the same amount of stain along the loading direction.
The quasi-static flow curves in Fig. 7 (c) and 7(d) for the MIL composites show that the yield strength of the MIL composites is ~700MPa, almost irrespective to the type of metal layer. When loaded perpendicular to the layers, the metal layers will yield first, followed by the gradually yielding of the gradient transition regions. Subsequent to the yield of metal and transition layers, yielding of FeAl determines the apparent yield point for the entire composites, which included work hardening in the metallic layers. When loaded parallel to the layers, since iron and stainless steel possess higher Young's modulus [23] and much lower yield strength than FeAl, the metal layers will also yield first.
Subsequently, the local stress applied to the FeAl layers is higher than the global stress readings, and the local stress applied to the metals layers is lower. The strain at the apparent yield point is determined by the FeAl phase, while the stress at the apparent 26 yield point is affeced by the metallic/intermetallic ratio and work hardening of metallic layers. 
